US28 is a constitutively active chemokine receptor encoded by CMV (also referred to as human herpesvirus 5), a highly prevalent human virus that infects a broad spectrum of cells, including intestinal epithelial cells (IECs). To study the role of US28 in vivo, we created transgenic mice (VS28 mice) in which US28 expression was targeted to IECs. Expression of US28 was detected in all IECs of the small and large intestine, including in cells expressing leucine rich repeat containing GPCR5 (Lgr5), a marker gene of intestinal epithelial stem cells. US28 expression in IECs inhibited glycogen synthase 3β (GSK-3β) function, promoted accumulation of β-catenin protein, and increased expression of Wnt target genes involved in the control of the cell proliferation. VS28 mice showed a hyperplastic intestinal epithelium and, strikingly, developed adenomas and adenocarcinomas by 40 weeks of age. When exposed to an inflammation-driven tumor model (azoxymethane/dextran sodium sulfate), VS28 mice developed a significantly higher tumor burden than control littermates. Transgenic coexpression of the US28 ligand CCL2 (an inflammatory chemokine) increased IEC proliferation as well as tumor burden, suggesting that the oncogenic activity of US28 can be modulated by inflammatory factors. Together, these results indicate that expression of US28 promotes development of intestinal dysplasia and cancer in transgenic mice and suggest that CMV infection may facilitate development of intestinal neoplasia in humans.
Introduction
Human CMV (also know as human herpesvirus 5 ) infects millions of people worldwide (50%-90% of the population is seropositive for CMV antigens). Primary infection of immunocompetent hosts with CMV is generally asymptomatic and persistent but may cause severe disease in immunodeficient hosts, such as developing fetuses, transplant recipients, and AIDS patients (1) . In fact, CMV is the most common viral opportunistic infection in people with AIDS. Individuals infected with CMV mount a strong immune response that suppresses persistent viral replication and maintains life-long latency; however, loss of immune control permits viral reactivation and disease (2) .
The 230-kbp genome of CMV encodes for about 200 genes, including the GPCRs US27, US28, UL33, and UL78 (3). US28 shares highest sequence homology with human chemokine receptors (4) and binds several chemokines, including CCL2, CCL3, CCL4, CCL5, and CX 3 CL1 (5, 6) . Unlike most chemokine receptors that couple predominantly to Gα i/o proteins, US28 promiscuously couples to Gα i/o , Gα 16 , Gα 12/13 , and Gα q proteins (7) . Consequently, US28 activates many different signal transduction pathways. US28 constitutively activates PLC and thereby increases intracellular inositol trisphosphate. Moreover, US28 constitutively activates NF-κB, the cAMP response element-binding protein (CREB), and nuclear factor of activated T cells (NFAT) (7) . The constitutive activity of US28 can be regulated by chemokines. Stimulation of US28-transfected cells with CCL2, CCL3, and CCL5 increases intracellular calcium and ERK phosphorylation in a Gα i/o and Gα 16 protein-dependent manner. The constitutive activity of US28 can be inhibited by its inverse agonist CX 3 CL1 and by the small molecular weight compound VUF2274 (7, 8) .
In vitro infection with CMV leads to expression of US28 during the immediate-early and latent phase of viral cycle (9, 10) . Several functions have been suggested for US28, including sequestration of chemokines (11, 12) and enhancement of cell-cell interactions (13) . US28 has also been shown to induce chemokinesis when transfected into smooth muscle cells but not when transfected into fibroblasts. Likewise, expression of US28 in HEK293T, COS-7, and HELA cells results in caspase 8- and 10-mediated apoptosis (14) . A function attributed more recently to US28 is the induction of neoplasia. Stable expression of US28 in NIH-3T3 cells leads to enhanced cell cycle progression and loss of contact inhibition. Injection of such cells into nude mice induces the formation of tumors, suggesting that US28 may have oncogenic properties (15) .
CMV can infect a broad spectrum of cells in the gastrointestinal tract (16) . CMV infection has been detected in colonic epithelial cells of immunocompromised patients (17, 18) as well as immunocompetent individuals (19) . To date, all information regarding the physiological importance of US28 is based on in vitro models. To determine the role of US28 in vivo, we constructed strains of mice in which expression of US28 was targeted to intestinal epithelial cells (IECs), including intestinal epithelial stem cells, as defined by expression of the marker gene leucine rich repeat containing GPCR5 (Lgr5) (20) . We show here that expression of US28 in the intestine of transgenic mice promotes development of intestinal neoplasia.
Results

Generation of mice expressing US28 in IECs.
To investigate the biological role of the US28 in the IECs in vivo, we generated transgenic mice that express US28 under the control of the villin promoter (VS28 mice) ( Figure 1A ). The villin promoter has been previously shown to target transgene expression predominately to the IECs of both the small and large intestine (21) . Eleven founders were generated from microinjection of the US28 transgene into fertilized mouse eggs. Three transgenic lines (L18, L19, and L36) were established from these founders. Expression of US28 was determined by quantitative PCR (qPCR). US28 mRNA was detected in all 3 transgenic lines but not in WT controls. The highest expression of US28 mRNA was found in the jejunum, followed by the ileum and the colon of animals in line 19 ( Figure 1B ). To examine whether US28 protein was present in epithelial membranes, we performed radioligand competition binding experiments. As expected, human [ 125 I]-CCL5 did not bind to IEC membranes derived from WT mice. In contrast, human [ 125 I]-CCL5 bound to IEC membranes isolated from the small and large intestine of VS28 mice. The specific binding of human [ 125 I]-CCL5 was higher (3 fold) in the small intestine than in the large intestine of VS28 mice ( Figure 1C ), correlating well with the qPCR data ( Figure 1B ). To examine distribution of US28 protein in the intestine, we performed immunostaining with a US28 antibody. US28 expression was detected in IECs of transgenic but not WT mice ( Figure 1 , D and E). The staining was observed in cells in the villi and crypts throughout the intestine. Together, these results indicate that VS28 mice express US28 in the intestinal epithelium.
US28 expression promotes phenotypic changes in the intestinal epithelium. To analyze whether expression of US28 promoted changes
in the intestinal epithelium, we examined H&E-stained sections from VS28 mice. Microscopically, the jejunal mucosae of all lines featured markedly hyperplastic nonmucinous villous epithelium, characterized by pseudostratified columnar cells forming tufts and floret-like configurations along the villous surfaces ( Figure 2 , A and B). Goblet cells were not increased. Apoptotic bodies were scattered within the villous epithelium. These abnormalities gradually
Figure 1
Expression of the US28 transgene in VS28 mice. (A) Diagram of the VS28 transgene. Expression of US28 is driven by the 9-kb mouse villin promoter (mVillin). (B) US28 mRNA expression in jejunum, ileum, and colon of WT, VS28 L18 , VS28 L19 , and VS28 L36 mice. Values were standardized to ubiquitin. Results represent the mean ± SEM (n = 3-4). dissipated toward the ileum. In VS28 L18 mice, the villus/crypt ratio was normal (5:1). The nuclei, albeit stratified, were of normal size and appearance, and the villi contained relatively fewer apoptotic bodies. The villus/crypt ratio in VS28 L19 and VS28 L36 mice ranged from 3:1 to 2:1, due to doubling of the crypt height ( Figure 2 ). The nuclei were enlarged and contained prominent, enlarged nucleoli and thick nuclear membranes. The colonic mucosa of VS28 L19 and VS28 L36 mice featured crypts distended by hyperplastic epithelium, arranged in pseudostratified and pseudocribriform formations and extending to the surface, whereas that of VS28 L18 mice was normal. Together, these results indicate that US28 promotes dose-dependent changes in the epithelium of both small and large intestine of transgenic mice.
US28 expression promotes IEC proliferation. To determine whether the changes reported above were due to increased proliferation of IECs, we examined BrdU incorporation using flow cytometry. The number of BrdU-positive IECs was significantly higher in VS28 L19 mice than in WT littermates ( Figure 3, A and B) . To confirm these results, we analyzed the expression of the cell proliferation marker Ki67 by immunostaining. In the intestine of WT mice, Ki67 expression was frequently detected in cells in the crypts and rarely detected in cells within the lamina propria ( Figure 3C ). This pattern was also observed in the transgenic sections, but the number of Ki67 + cells in the crypts was markedly increased compared with that of WT mice ( Figure 3D ). Importantly, most cells coexpressed US28 and Ki67 ( Figure 3D, inset) . Together, these results indicate that the expression of US28 in IECs induces marked cell proliferation.
US28 expression affects pathways implicated in IEC proliferation. To determine the mechanism by which US28 mediates increased proliferation of IECs, we investigated 2 pathways that are important for the regulation of IEC proliferation: the Wnt and the MAPK pathways (22, 23) .
Activation of Wnt signaling leads to the activation of downstream effectors, ultimately promoting accumulation of β-catenin protein (24) . To determine whether activation of the Wnt pathway plays a role in the increased proliferation of IECs observed in VS28 mice, we determined mRNA and protein levels of β-catenin. The protein levels of β-catenin were increased 13 fold in IECs isolated from the small intestine of the VS28 L19 mice compared with those of WT ( Figure 4B ). No significant difference was found between β-catenin (Ctnnb1) mRNA levels in IECs isolated from WT or VS28 L19 mice, indicating that regulation of β-catenin occurred at the protein level rather than at the transcriptional level.
GPCRs regulate β-catenin protein levels via GSK-3β (25) . In the absence of GPCR/Wnt signaling, GSK-3β phosphorylates β-catenin, which leads to its degradation. Phosphorylation of GSK-3β leads to its inactivation and results in increased levels of active, unphosphorylated β-catenin. To evaluate whether modulation of GSK-3β plays a role in the increased levels of β-catenin, we evaluated the phosphorylation status of GSK-3β at Ser 9 and of β-catenin. We found that the phosphorylation of GSK-3β was increased and that the total amount of active, unphosphorylated β-catenin protein was increased ( Figure 2B ).
To test whether increased levels of active β-catenin had functional consequences, we examined expression of the Wnt target genes c-myc, survivin (Birc5), and cyclin-D1 (Ccnd1) in IECs isolated from WT and VS28 L19 mice. The mRNA levels of c-myc, Birc5, and Ccnd1 were significantly increased in VS28 L19 mice ( Figure 4A ). To confirm these changes, we determined the protein levels of survivin and cyclin-D1 by Western blotting. We found that the protein levels of survivin and cyclin-D1 were elevated in IECs purified from VS28 L19 mice compared with those of WT mice ( Figure 4B ).
In NIH-3T3 cells, stable expression of US28 leads to increased transcription of genes downstream of the MAPK pathway (26) . To test whether US28 modulates MAPK signaling in VS28 mice, we analyzed the amount of Erk1/2 phosphorylation in purified IECs by Western blotting. Our results show that the amount of phosphorylated Erk1/2 was increased 2.6 fold in the VS28 L19 mice compared with WT littermates, whereas total levels of Erk1/2 were unaffected ( Figure 4B ). Together, these results indicate that expression of US28 promotes marked changes in the activation of the Wnt and MAPK pathways and suggest that these pathways are mechanistically implicated in the increased cellular proliferation of IECs observed in VS28 mice.
US28 is expressed in Lgr5 + intestinal stem cells. Accumulation of β-catenin in intestinal stem cells appears to be a key mechanism driving epithelial cell proliferation (27) . Thus, the increased cell proliferation observed in the VS28 mice may have been due to expression of US28 in the stem cell compartment. It has been recently reported that the cells expressing Lgr5 are the intestinal stem cells (20) . To test whether US28 was expressed in Lgr5 + cells, we took advantage of the Lgr5-EGFP-IRES-creERT2 (LGR5) mice (20) , which have the gfp gene inserted in the Lgr5 locus. We crossed LGR5 mice with VS28 L36 mice to generate LGR5S28 mice. IECs were isolated from LGR5 and LGR5S28 mice and sorted. Both GFP hi and GFP-negative (GFP neg ) cells were sorted ( Figure 5A ) and analyzed by qPCR for expression of GFP and US28. As expected, no US28 mRNA was detected in stem cells (GFP hi cells) from LGR5 mice. US28 mRNA was detected in stem cells from LGRS28 mice, although at lower levels than those found in other epithelial cells (GFP neg cells). (Figure 5 , B and C). To confirm these findings, we stained jejunal sections of LGR5S28 mice for US28 and GFP. Similar to the qPCR results, US28 was found to be expressed in Lgr5 + cells ( Figure 5 , D and E). These results indicate that US28 is expressed in Lgr5 + intestinal stem cells of VS28 mice.
Long-term expression of US28 induces the development of colon cancer. To examine the long-term consequences of US28 expression in IECs, we examined VS28 L18 , VS28 L19 , and VS28 L36 mice at different ages. Before 39 weeks of age no microscopic abnormalities were observed, other than those previously described (n = 22). However, beginning at 39 weeks intestinal neoplasms developed in 17 out of 105 VS28 mice in all 3 lines but not in their WT littermates (n = 50). Tumors were most frequent in the VS28 L19 line, which had the highest level of US28 expression (10 out of 25 mice, 40%; P < 0.001 compared with WT), followed by the VS28 L36 line (3 out of 12 mice, 25%; P < 0.01 compared with WT) and the VS28 L18 line (4 out of 49 mice, 8.2%; P < 0.1 compared with WT). Besides increased tumor penetrance, the 2 lines with the highest levels of expression also had an increased average tumor multiplicity (2.2 ± 0.5, 2.0 ± 0.6, and 1.3 ± 0.3 tumors per mouse in lines VS28 L19 , VS28 L36 , and VS28 L18 , respectively) ( Table 1) .
In total, 2 moderately to poorly differentiated colonic adenocarcinomas were found in 1 mouse, 1 tubular adenocarcinoma was found in another mouse, and 27 adenomas (26 jejunal and 1 colonic) were found in 15 mice ( Table 1) . The moderately to poorly differentiated adenocarcinomas featured sheets and glands of malignant epithelium with areas of mucin secretion. Both lesions invaded the pericolonic subserosa but had not metastasized (Figure 6 , A-C). The cancer cells expressed cytokeratin, Ki67 ( Figure  6D ), and US28 ( Figure 6E ) but were negative for CD117, smooth muscle actin, and CD68. The adenocarcinomas featured low- and high-grade dysplasia, with glands invading into the submucosa. The other tumors were sessile tubular adenomas (12 with highgrade dysplasia and 15 with low-grade dysplasia).
Immunostaining of the adenomas with high-grade dysplasia further confirmed an association of US28 expression and aberrant Wnt signaling. In all adenomas tested (n = 4), β-catenin was ectopically distributed. β-Catenin was frequently found in the nucleus of neoplastic cells, in contrast to the normal surrounding cells, which exhibited localization of β-catenin in the cytoplasm ( Figure 6F) . Additionally, the adenomas expressed the protooncogene cyclin-D1, a target of β-catenin ( Figure 6G ). Changes were also observed in the cellular localization of survivin. In the adenomas, survivin expression was detected focally in the cytoplasm rather than in the nucleus ( Figure 6H ). These results indicate that expression of US28 in IECs leads to the development of neoplastic lesions that show evidence of aberrant Wnt signaling.
US28 expression alters susceptibility to colitis-associated neoplasia. Having observed that intestinal neoplasms developed spontaneously after approximately 39 weeks of age, we next asked whether US28 signaling could affect development of neoplasia promoted by inflammatory stimuli. To this end, we used a well-established protocol to induce colitis-associated neoplasia, the azoxymethane/ 
Figure 7
Response of VS28 and WT mice to AOM/DSS. (A) Schematic of AOM/ DSS administration. Mice were injected with 12 mg/kg AOM and subjected to three 7-day cycles of 2.5% DSS. (B and C) Representative H&E-stained sections of adenomas found after AOM/DSS treatment in WT (B) and VS28 L18 mice (C). Scale bar: 50 μm. (D and E) The number of polyps (E) and the polyp area (D) were significantly increased in the VS28 L18 mice (n = 11) compared with those of the WT littermates (n = 11). Results represent the mean ± SEM. *P < 0.05, ***P < 0.001 vs. WT. dextran sodium sulfate model (AOM/DSS model) (28) . VS28 L18 mice (n = 11) and their age- and sex-matched WT littermates (n = 11) were treated with 3 repeated cycles of 2.5% DSS after AOM injection (12 mg/kg, i.p.) ( Figure 7A ). At the end of treatment, both transgenic and control mice manifested colonic adenomas ( Figure  7 , B and C). However, VS28 mice had higher tumor multiplicity and larger area than their control littermates ( Figure 7, D and E) . These results suggest that US28 expression exacerbated the development of tumors induced by the AOM/DSS treatment.
Coexpression of the inflammatory chemokine CCL2 exacerbates phenotype of VS28 L18 mice. US28 is most homologous to human chemokine receptors (4) and binds several inflammatory chemokines. The high constitutive activity of US28 can be further increased by inflammatory chemokines, such as CCL2 (5, 6). As CCL2 is highly expressed in the colon of animals treated with AOM/DSS (29), we wondered whether its expression could affect US28 activity in vivo. To test this hypothesis, we generated mice that expressed mouse CCL2 in IECs under control of the villin promoter (VCCL2 mice). Mouse CCL2, similar to human CCL2, binds to US28 with high affinity (4 nM and 1 nM respectively; Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI42563DS1).
Five VCCL2 founder mice were obtained from injection of the VCCL2 transgene into fertilized mouse eggs, and 2 lines were derived from them. VCCL2 mice (line 12) were crossed with VS28 L18 mice to generate V2S28 mice ( Figure 8A ). Next, we examined expression of CCL2 and US28 in the intestine of WT, VCCL2, and VS28 L18 mice by qPCR. As shown in Figure 8B , CCL2 mRNA was not detected in the intestine of WT or VS28 mice. However, CCL2 mRNA could be readily detected in the intestine of VCCL2 and V2S28 mice. US28 mRNA was only detected in the intestine of VS28 L18 and V2S28 mice. To analyze the impact of CCL2 expression in the phenotype induced by US28, we examined H&E-stained histological sections (Figure 8, C-E) . The intestine of VCCL2 mice appeared unremarkable, whereas that of the VS28 L18 mice had minor changes as described above. However, in V2S28 mice, the epithelium was hyperplastic, and the crypts appeared enlarged and resembled those of VS28 L19 and VS28 L36 mice, as shown in Figure 2 . Quantification of villus/crypt ratios showed that, compared with WT, VCCL2 and VS28 L18 littermates, V2S28 mice had a decreased villus/crypt ratio (ratios of 4.9 ± 0.2, 5.5 ± 0.3, 5.4 ± 0.5, and 3.1 ± 0.2, respectively, n = 4-10). Thus, coexpression of CCL2 augmented the morphological changes induced by US28. To test whether CCL2 affected the increased cellular proliferation promoted by US28, we performed BrdU incorporation experiments as described above. The number of cells incorporating BrdU was similar between WT and VCCL2 mice. The number of BrdU + cells was significantly increased in VS28 L18 mice and significantly increased in V2S28 mice compared with all other groups ( Figure 8F ). Importantly, after 38 weeks of age, 20% of the V2S28 mice spontaneously developed jejunal adenomas (P < 0.05 compared with WT), whereas none of the single transgenic littermates examined developed neoplasia (Figure 8G and Table 2 ). Together, these results indicate that coexpression of CCL2 magnified the changes induced by US28.
Discussion
We show here that US28, a chemokine receptor encoded by CMV, has the ability to induce the development of cancer in transgenic mice. To our knowledge, this is the first report directly linking a specific gene encoded by CMV with development of cancer in transgenic animals.
Figure 8
Transgenic coexpression of the inflammatory chemokine CCL2 exacerbates the phenotype of VS28 L18 mice. The inflammatory chemokine CCL2 is an agonist for US28. To test whether CCL2 can activate US28 in vivo, we generated mice expressing both CCL2 and US28 in IECs. (A) Generation of mice expressing both CCL2 and US28 in IECs (V2S28 mice). A 9-kb fragment of the villin promoter was used to drive expression of mouse CCL2 (mCCL2) to IECs (VCCL2 mice). Subsequently, the VCCL2 transgenic mice were crossed with VS28 L18 mice to generate V2S28 mice. (B) CCL2 and US28 mRNA expression in the jejunum of WT, VCCL2, VS28 L18 , and V2S28 mice. Values were standardized to ubiquitin (n = 3). (C-E) H&E staining of the jejunum of VS28 L18 (C), VCCL2 (D), and V2S28 mice (E). (F) Analysis of BrdU + incorporation in CD45 -IECs from the jejunum of WT, VCCL2, VS28 L18 , and V2S28 mice was determined using FACS analysis (n = 4 mice per group). *P < 0.05, ***P < 0.001 vs. WT. # P < 0.05, ## P < 0.01 vs. VS28 L18 . (G) H&E-stained section of jejunal tubular adenoma found in a V2S28 mouse. Scale bar: 100 μm (C-E and G). Results represent the mean ± SEM.
Infectious agents account for 18.6% of all cancers (30) . Specific agents, such as Helicobacter pylori, human papillomavirus, Epstein-Barr virus, and JC virus, have been directly implicated in the etiopathogenesis of several tumors, including gastrointestinal cancers (31, 32) .
CMV has also been linked to various cancers (1, (33) (34) (35) (36) . The CMV genome and antigens have been detected in malignant glioma, EBV-negative Hodgkin lymphoma, cervical cancer, prostatic intraepithelial neoplasia, and prostatic carcinoma. Moreover, active CMV infection has been demonstrated by EM in several of these tumors (1) .
CMV DNA (34, 37, 38) or CMV antigens (34, 39) have been detected in colon tumors and in cell lines derived from them, but this association has not been universally confirmed (40) (41) (42) (43) (44) (45) (46) , perhaps due to the different sensitivities of the methods used for detection of CMV in the different studies (41, 43, 47, 48) . Several reports have shown that CMV infection may interfere with key cellular signaling pathways, leading to enhanced survival and angiogenesis, and that it may also alter cell motility and adhesion (49) . Following CMV infection, the expression of several protooncogenes is rapidly upregulated (50) . Thus, CMV-activated gene transcription may dysregulate various cellular physiological processes that control the cell cycle (35) . However, evidence directly linking CMV to cancer is lacking.
Our study does not directly implicate CMV in intestinal cancer in humans, but it demonstrates that a constitutively active chemokine receptor encoded by CMV can promote significant cellular changes in the epithelium that result in dysplasia and cancer in mice. Our results suggest that US28 may do so by interfering with the Wnt pathway. Several studies indicate that activating mutations in the Wnt pathway are the cause of approximately 90% of colorectal cancers (51) . These activating mutations lead to increased levels of β-catenin protein by preventing the formation of the β-catenin destruction complex. Stabilized β-catenin translocates to the nucleus and associates with TCF/LEF transcription factors to activate the transcription of Wnt target genes, such as Birc5 and Ccnd1, which affect cell proliferation. We show here that the levels of β-catenin were increased in IECs of VS28 mice, that β-catenin was found in the nuclei in the adenomas of VS28 mice, and that these changes were associated with increased expression of cyclin-D1 and with ectopic location of survivin, changes also reported in intestinal cancer (52, 53) . Taken together, these results suggest that the increased levels of β-catenin protein in the IECs of VS28 mice could be the basis for the US28-induced neoplasia.
How could US28 expression affect the levels of β-catenin in IECs? Under normal conditions, β-catenin is present in the cytoplasm within a destruction complex, with GSK-3β, axin, and APC. Within this complex, GSK-3β phosphorylates β-catenin, triggering its ubiquitination and subsequent degradation. We show here that the levels of phosphorylated (inactive) GSK-3β and active β-catenin are increased in IECs from VS28 mice. These findings suggest that US28 regulates the levels of active β-catenin protein through inactivation of GSK-3β. It is unclear, however, how expression of US28 promotes phosphorylation and inactivation of GSK-3β. A potential mechanism could involve activation of the PI3K/Akt or PLCβ/PKC kinases by US28, as shown for other GPCRs, such as the α-adrenergic receptor and CXCR4 (53) . Alternatively, US28 could dimerize with other GPCRs (including Wnt receptors) and promote inactivation of GSK-3β.
Mice that have Wnt pathway activating mutations develop benign adenomas but not cancers (54) . Thus, it is surprising that 2 out of the 17 neoplasms found in the VS28 mice were cancerous. The precise reason for the development of cancer is not clear, but this finding suggests activation of additional oncogenic pathways, such as the MAPK pathway, which has been shown to be important in the progression of colorectal cancer (22, 55) . As US28 activates the MAPK pathway both in vitro (26) and in vivo (this study), it is possible that this pathway may also be relevant for the phenotypes observed here.
Our results suggest that US28 shares biological activities with ORF74, the GPCR encoded by HHV-8. Both US28 and ORF74 are constitutively active chemokine receptors. The activity of these receptors can be further modulated by chemokines. Similar to ORF74, US28 promotes increased cell proliferation in vitro and in vivo and induces neoplasia (56) . Expression of ORF74 in endothelial progenitor cells of transgenic mice induces development of angioproliferative lesions and tumors that strongly resemble those seen in Kaposi sarcoma (57, 58) , whereas expression of US28 in the epithelial cells of the intestine induces development of intestinal neoplasia. At this point it is unclear which cell type in the epithelium accounts for the generation of the phenotype. The intestinal epithelium is comprised of many cell types that can potentially be targeted by the villin promoter used in this study. Among these cells are stem cells present at the bottom of the crypts. Recent work has suggested that such stem cells are the cells of origin of intestinal cancer (59) . Specific deletion of the adenomatous polyposis coli (APC) gene in Lgr5 + stem cells located at the bottom of the crypts leads to development of cancer (59) . We show here that US28 is expressed by stem cells present in the crypts of VS28 mice, and we suggest that US28 expression in the stem cell compartment contributes to the phenotypes observed.
Patients with prolonged inflammatory bowel disease (IBD) have an increased risk of developing colon cancer (60) . We speculate that immunosuppressive therapy used to treat such patients may favor reactivation of CMV and promote infection of stem cells. If such stem cells are genetically predisposed, infection by CMV could tip the balance toward dysplasia. This may be accentuated by the expression of inflammatory chemokines that can modulate the activity of US28.
We show here for the first time to our knowledge that the ability of US28 to induce neoplasia can be augmented by coexpression of one of its ligands, CCL2. CCL2 is a chemokine that is expressed in many inflammatory conditions, including IBD (61) (62) (63) , and that has been shown to directly enhance US28 signaling in vitro (64) . Our results suggest that CCL2 may indeed have such properties in vivo. The changes observed in the V2S28 mice may derive from direct activation of US28 signaling by CCL2, since we have not seen changes in cell proliferation or spontaneous development of neoplasia in VCCL2 mice even after 1 year of age. However, we cannot rule out that myeloid cells contribute to the development of the phenotypes elicited by US28 expression. It is intriguing that both HHV-5 and HHV-8 encode GPCRs that can induce the development of neoplasia and that the activity of these GPCRs can be modulated by chemokines produced during inflammation. A better understanding of the life cycle of herpesviruses in vivo and their target cells and the conditions that facilitate the expression of these constitutively active chemokine receptors will certainly shed light on their role in cancer pathogenesis.
In conclusion, we showed that in vivo expression of the CMV-encoded chemokine receptor US28 in IECs promotes the development of intestinal neoplasia. CMV infects a broad spectrum of cells in the gastrointestinal tract, including epithelial cells (16) . The finding that a CMV-encoded gene induces development of intestinal neoplasia in mice should provide a rationale for an extended analysis of the association between CMV and intestinal cancer in humans.
Methods
Mice. The cDNA of the HHV-5-encoded US28 protein (VHL/E strain) was cloned into a pBS-Villin vector that contains the mouse villin promoter (21) . The pBS-Villin/US28 plasmid was verified by sequencing, and the transgene was isolated from the plasmid by restriction enzyme digestion and gel purification. To generate VS28 mice, the transgene was microinjected into C57BL/6J mouse eggs (The Jackson Laboratory), and the resulting founders and their progeny were genotyped by PCR amplification of tail DNA using the following primers: 5′-AGGCCTGCCTTTTCAG-TATT-3′ and 5′-CAAGCACGACCGCTATAAGT-3′. To generate transgenic mice expressing CCL2 in the intestinal epithelium (VCCL2 mice), we cloned a segment of murine genomic DNA encoding CCL2 (65) into the pBS-Villin vector. Founders and progeny were screened using the following primers: 5′-AAGCCAGTTTCCCTTCTTCC-3′ and 5′-TGTCTG-GACCCATTCCTTCT-3′. LGR5 mice were previously described (20) . All experiments were performed in accordance with the guidelines of and with the approval of the Animal Care and Use Committee of Mount Sinai School of Medicine.
Histology and immunohistochemistry. Organs were dissected, fixed in 10% phosphate-buffered formalin, and then processed for paraffin sections. Five-μm sections were dewaxed by immersion in xylene (twice for 5 minutes each time) and hydrated by serial immersion in 100%, 90%, 80%, and 70% ethanol and PBS. Antigen retrieval was performed by microwaving sections for 20 minutes in Target Retrieval Solution (DAKO). Sections were washed with PBS (twice for 10 minutes each time), and blocking buffer (10% BSA in TBS) was added for 1 hour. Sections were incubated with primary antibody in blocking buffer overnight at 4°C and then incubated with Alexa Fluor 488-labeled goat anti-rat antibody (1:400; Molecular Probes), Alexa Fluor 594-labeled anti-rabbit antibody (1:400; Molecular Probes), or DyLight 488-labeled donkey anti-chicken antibody (1:400; Jackson) for 30 minutes. Other antibodies were obtained from Abcam (1:200, Ki67; 1:75, pan-keratin; 1:500, GFP) or Cell Signaling Technology (1:25, cyclin-D1; 1:400, survivin; 1:25, β-catenin). Colocalization was performed with ImageJ (http://rsbweb.nih.gov/ij/) and the colocalization finder plug-in (66) .
Generation of a rabbit antiserum against US28. A synthetic peptide corresponding to the C-terminal 17 amino acids of the US28 protein (H2N-SSDTLS-DEVCRVSQIIP-CO2H) was coupled to keyhole limpet hemocyanin through the N-terminal amino group and used to immunize rabbits to generate polyclonal antisera. The specificity of the antisera was assessed by immunoprecipitation followed by Western blotting and immunofluorescence.
Isolation of IECs. Intestines were cut into 2-cm pieces and washed in ice-cold HBSS/10% NCS. The intestinal pieces were incubated in HBSS/ 2-tailed t test, ANOVA followed by Dunnett's post-test, or a 2 × 2 contingency table using Fisher's exact test. P < 0.05 was considered significant. All results shown represent mean ± SEM.
